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ABSTRACT 

\ 


This  paper  reports  on  the  principles  for  the  use  of, 
and  the  experimental  results  obtained  from,  an  adaptive 
optics  system  for  correcting  dynamic  wavefront  errors  in 
real  time.  The  system  cui.sists  of  a  21-element  deformable 
mirror,  a  lateral  shearing  interferometer,  and  a  parallel 
electronic  control  system.  Key  words:  Adaptive  optics, 
wavefront  sensing,  deformable  mirror.  /_'/  ,  "T  _  , 


1 .  FOREWORD 

The  performance  of  optical  apparatus,  in  addition  to  being  diminished  by 
static  wavefront  error  produced  by  the  design,  machining,  installation  and 
adjustment  of  the  apparatus,  is  also  often  affected  by  dynamic  wavefront  error 
from  deformations  arising  randomly.  For  example,  atmospheric  turbulence 
affects  optical  imaging  systems  and  laser  transmissions;  changes  in  conditions 
like  temperature  and  gravity  affect  the  mirrors  and  bearing  structures  of 
large-scale  optical  equipment,  causing  deformation  and  detuning;  unevenness  of 
the  medium  in  a  laser  resonant  cavity  indue..  lowering  in  the  quality  of  the 
beams;  and  turbulence  and  heat  disturbances  d.:  ng  strong  laser  transmissions 
in  the  atmosphere  may  affect  the  formation  of  beam  emanations.  Traditional 
optical  technology  is  powerless  in  the  face  of  these  problems. 

With  the  appearance  and  development  of  the  technology  of  adaptive  optics, 
the  real-time  correction  of  dynamic  optical  wavefront  error  has  become  a 
possibility  [1,2].  Adaptive  optical  systems  measure  in  real  time  the 
wavefront  error,  and  correction  of  the  error  in  real  time  is  undertaken  by  the 
control  circuit  feedback  control  wavefront  correcting  device.  If  for  example 
the  diameter  of  the  wavefront  detection  and  correction  subaperture  is  smaller 


than  the  coherence  dimension  of  the  wave  front  turbulent  motion,  if  the 
system's  control  bandwidth  is  larger  than  the  turbulent  motion  changing 
frequency,  it  is  possible  to  achieve  real-time  correction  of  the  dynamic 
wavefront.  In  the  laboratory,  we  used  adaptive  optics  technology  to  undertake 
21-element-control  real-time  optical  wavefront  error  correction  experiments. 
Our  purpose  was  to  test  in  the  laboratory  the  correction  of  atmospheric 
turbulence  and  other  dynamic  factors  on  wavefront  errors  occurring  in 
telescope  systems,  making  the  telescopes'  observation  power  of  resolution 
approach  the  technology  required  for  diffraction  limit.  We  shall  now  report 
on  the  principles  behind  the  system  and  the  results  of  our  experiments. 

2.  EXPERIMENTAL  EQUIPMENT  AND  PRINCIPLES 

The  principle  of  a  diffraction-limited  telescope  that  is  able  to  correct 
dynamic  wavefront  errors  is  shown  in  Fig.  1. 

The  optical  system  used  for  our  experiments  is  as  shown  in  Fig.  2.  The 
laser  beam  emitted  by  the  He-Ne  laser,  after  enlargement,  filtering  and 
collimation,  passing  through  a  deformable  mirror,  is  divided  into  three  paths. 
Two  of  these  paths  are  the  x  direction  and  y  direction  wavefront  error 
detection  optical  paths,  and  the  third  path  is  used  for  image  quality  testing. 

A.  The  Deformable  Mirror 

The  deformable  mirror  used  for  this  experiment  is  a  composite-style 
piezoelectric  deformable  mirror.  It  features  high  frequency  response,  a  high 
degree  of  sensitivity,  a  large  amount  of  deformation,  and  a  small  time  lag. 

The  deformable  mirror  has  21  actuators  used  for  wavefront  error  detection;  the 
interval  between  each  two  actuators  determines  the  size  of  the  wavefront 
detector  subaperture  diameter.  The  21  actuators  separate  the  light  opening 
into  16  subapertures  along  the  x  and  y  directions  respectively.  The  small 
circles  with  numbers  in  Fig.  3  represent  the  actuators,  while  xi  through  xie 
are  the  detector  subapertures  along  the  x  direction  and  yi  through  yie  are  the 
detector  subapertures  along  the  y  direction.  Different  control  voltage  is 

Ol. 
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Fig.  1  Schematic  layout  of  the 
diffraction-limited  telesoope 

1 — atmospheric  tor  balance;  t — uncorrectad 
image;  3 — deformable  mirror;  4 — controller; 
3 — waretront  error  detector;  •—corrected 
image 


Fig.  2  Optical  layout  used  in  experiments 

1 — image-quality  checking  optics;  •—reference 
optical  path;  •—grating;  4 — lent;  •—detector  array; 
t — y  direction  detecting  optical  path;  7 — *  direction 
detecting  optical  path;  8 — deformable  mirror; 

•  leeer 


applied  on  each  of  the  actuators;  this 
allows  for  controllable  change  in  the 
shape  of  the  surface  of  the  membrane 
lenses  that  are  affixed  to  the 
actuators,  achieving  wave  front 
compensation.  The  entire  deformable 
mirror  is  activated  by  two  additional 
actuators;  they  can  automatically 
produce  biaxial  inclination  and 
implement  inclination  correction  for 
the  entire  device.  The  light  aperture 
diameter  of  the  deformable  mirror  is 
50  mm,  the  maximum  deformation  is 
±8pm,  the  range  for  the  working 
voltage  is  ±700  V,  and  the  resonant 
frequency  >7kHz. 


Fig.  3  Arrangement  of  the  actuators  of 
deformable  minor  and  the  subapertuns 
of  eravafroiit  aensor 
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2.  DETECTION  OF  WAVEFRONT  ERROR 


We  used  an  alternating  lateral  shearing  interferometer  (as  shown  in  Fig. 
4)  to  detect  dynamic  wavefront  error  [3,4].  Here,  the  Ranchi  grating  has  two 
important  effects: 


1)  The  wavefront 
lateral  shearing  produced  by 
the  diffraction  effect, 
forming  a  self-referring 
interferometer. 

2)  While  the  grating  is 
rotating,  it  produces  signal 
modulation.  The  phase  angle 
of  the  signals  shows  the 
wavefront  slope. 


.  ui(xi.y»  .t)cietet*ce 

U#(Xo i7o 


be  a* 


8'(xj  *lx  detect 
Ranchi 
grating 


P- 


or  array  . 


Fig.  4  Shearing  mtarfuonwter 


This  is  borne  out  by 
the  fact  that  the  base 

frequency  in  the  modulated  signal  of  the  interferometer  of  the  wavefront 
V(w,y)  shearing  in  the  x  direction  is: 


r<*.  i.  <) -  f  «■  [ -x- .]«■[“*■ +-t  '^sr\ 


In  the  formula,  the  modulation -frequency 

J  fl»— 2art/j)  (2) 

x  and  y  are  the  coordinates  on  the  aperture  surface;  v  is  the  linear  velocity 
of  the  grating  rotation;  and  p  is  the  grating  etched  line  cycle.  The  phase 
angle 


a  2*  -8W 
"“T*  dx 


and  s  is  the  amount  of  wavefront  shearing. 


(3) 


The  photoelectric  receiver  in  the  detector  array  must  correspond  with  the 
subaperture  position  to  be  measured,  as  shown  in  Fig.  3. 


In  order  to  extract  the  wavefront  phase  difference  signal,  another  ray  of 
stable  light  is  used  in  the  shearing  interferometer  as  a  reference  light  path, 
and  to  provide  a  reference  signal  for  the  electric  relative  phase.  Through 
phase  relation,  the  phase  angle  9  is  obtained,  representing  the  average 
wavefront  slope  within  the  range  of  that  detector  aperture,  and  from  this  is 
obtained  the  wavefront  error  ^  of  the  adjacent  subaperture  diameter  interval: 

i  *-!*&.  (4> 

I  * 

In  the  formula,  ii  is  the  size  of  subaperture  #  . 

3.  Electronic  Control  System 


A  block  diagram  of  the 
electronic  control  system  is  provided 
in  Fig.  5. 

The  signal  received  by  the 
photometric  circuit  and  the  reference 
beam  circuit  receiver,  after 
appropriate  processing,  undergoes 
demodulation  by  the  multiplying  unit. 
Because  the  wavefront  average  slope 
or  wavefront  error  within  the 
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J/jig.  5  Block  diagram  of  ths  sjsotrwiioali  c  * 

'  >'  r  control  system'  _ _ J 

<rl-rfgn»l  detector;  $— dgwil  p««e«r;  *-pfisss 
^ detection;  4 — sharing  interferometer;  6 — deformable 
mirror,  t— correction  network;  7— Ugh  voltage* 
amplifier;  9 — low  pea  filter;  9 — wavefront  recen-, 
network;  10 — wavefront  elope  detects*; 
J/— analog  turbulence  signal 


subaperture  is  what  the  shearing  I  amplifier,  #-tow  pass  filter;  s— wavefront  *•<*»-. 

network;  10 — wavefront  elope  detects*; 

interferometer  detects,  this  must  be  if— analog tarbnienoe signal  ' 

converted  by  the  wavefront 

reconstruction  device  into  a  wavefront  value  before  correction  of  the  detected 
wavefront  can  be  undertaken.  Wavefront  restructuring  calculation  can  be 
performed  by  a  computer  or  by  an  analog  network.  The  analog  network  features 
simplicity  and  speed,  and  for  this  reason  we  used  the  analog  network  to 
calculate  the  wavefront  values.  The  underlying  principle  is  summarized 
briefly  below. 


Assume  the  wavefront  corresponding  to  each  actuator  of  the  deformable 
mirror  is  U,  and  that  the  adjacent  actuator  wavefront  error  is  .  As  regards 
the  NxN  actuator  array,  there  are  Ik  wavefront  values  W  and  2N(N-1)  phase 
errors  <£>.  With  point  (j,k)  on  Fig.  6(a)  as  an  example,  we  have: 


!  Kg.  6  Principle  schema  of  the  wavefront  reconstruction  analogue  network 

0— W’a*;  1 — 9 — i—WV-i j>i  9 — 9 — 
i  9 — IT^hjJ  7 — 8 — 

4>j-i 

► 

—  W},*, 

I  —  ’ _ 


(5) 


Obviously,  2N(N-1)  >IP  ,  so  at  a  minimum  it  is  possible  to  use 
multiplication  by  two  to  resolve  the  contradictory  set  of  equations.  The 
normalized  set  of  equations  from  this  contradictory  set  of  equations  has  the 
following  form: _ _ _ _ _ 

|  4Wkt- W t-ut—W m,*-W (6) 

Using  a  matrix  form,  we  can  show  this  as: 

\AW-B4>,  (7) 

Solving,  we  obtain:  _ ... 

f W-4-W.-  (8, 

In  the  formula,  A  is  the  coefficient  matrix  of  wavefront  V,  A-1  is  its 
transposed  matrix,  and  B  is  the  coefficient  matrix  of  phase  error^*  When  an 
analog  network  is  used,  A  and  B  are  determined  by  the  structure  of  the 
detection  array. 


We  can  write  formula  (5)  as  follows: 

*  ; .  \ 


As  shown  in  Fig.  6(b),  the  network  formed  of  the  elements  is  able,  on  the 
basis  of  the  input  phase  error  ^  to  calculate  wavefront  V;  the  calculation 
units  are  from  considering  as  input  quantities  Wlltu  Wt. u* 

(these  quantities  coming  from  the  calculated  circuit  of  the  other 
points) ,  and  (these  quantities  coming  from  the  output 

of  the  phase  demodulator).  The  amplification  coefficient  is  1/4  the  total 
error  amplifier  calculation  circuit  structure. 

In  order  to  compensate  for  the 
frequency  range  being  an  atmospheric 
turbulence  effect  from  several  dozen  to 
over  100  Hz,  each  circuit  in  the  21 
circuit  parallel  control  system  must 
have  a  corresponding  control  bandwidth. 

For  this,  we  added  an  amplifying  and 
correcting  link.  The  control  system's 
open-loop  frequency  characteristics  are 
as  shown  in  Fig.  7. 

4.  Image  Quality  Checking 

We  used  television  to  measure  the  picture  elements  before  and  after  the 
dynamic  wavefront  error  correction.  After  processing  the  television  video 
frequency  signal,  we  obtained  a  three  dimensional  image  of  the  picture  element 
energy  distribution;  and  again  using  the  television  image  signal  digital 
acquisition  system  and  the  computer  we  analyzed  and  processed  the  picture 
element  energy  distribution  before  and  after  wavefront  error  correction. 

3 .  EXPERIMENTAL  RESULTS 


On  the  actuators  of  the  deformable  mirror,  after  the  addition  of  analog 
atmospheric  turbulence  interference  signals,  the  wavefront  dynamic  error 
lowered  the  picture  element  quality  and  caused  the  light  energy  on  the  image 
plane  to  disperse.  Figure  8  shows  the  experimentally  measured  results  for  the 


energy  profiJ"  at  the  image  plane  with  the  perturbation  amplitude  at  ±lA  and 

±2  A- 

At  the  same  time  that  different  frequency  interference  was  introduced, 
the  adaptive  optical  system  was  turned  on  to  undertake  close-loop  control;  the 
wavefront  error  was  corrected.  Figure  9  shows  the  experimentally  measured 
results  for  the  energy  profile  at  the  image  plane  after  adaptive  optical 
system  correction  at  a  frequency  of  50  Hz  and  perturbation  amplitudes  of  ±lA 
and  ±2A  • 


FSg.  9  Tha  tutrgj  profile  at  image  plana  with  perturbation,  oloaa-loopad,  frequency  50 H* 


(a)  dtU,  (») 


We  undertook  computer  data  acquisition  and  analysis  on  the  experimental  energy 
profiles,  and  calculated  the  proportion  of  the  total  energy  represented  by  the 
light  energy  in  the  circles  of  different  dimensions  on  the  image  spots.  We 
obtained  an  integral  graph  of  the  image  plane  energy  distribution.  Figure  10 
shows  the  integral  energy  graph  with  a  wavefront  perturbation  of  100  Hz  and  an 
amplitude  of  ±1  after  correction.  On  the  graph,  the  units  of  the  horizontal 
coordinate  are  the  diameter  D=2.44X  f/d  of  the  Airy  spot  first  dark  circle. 
d  and  f  are  respectively  the  optical  system  aperture  and  the  focal 


distance.  The  vertical  coordinate  is  the 
percentage  of  light  energy  in  the  circle  of 
that  diameter. 

When  introducing  different  frequency 
perturbation  (range  value  ±lA),  we  measured 
the  percentage  of  energy  within  the  Airy  spot 
first  dark  circle,  as  shown  in  Table  1.  With 
a  diffraction  limit,  the  energy  inside  the 
Airy  spot  represented  83.8%  of  the  total.  On 
the  table,  the  ratio  between  the 
experimentally  measured  values  and  the 
theoretical  diffraction  limits  is  also 
displayed. 


ng-  10  Comparison  of  the  integral 
tatrgy  at  image  plan*  with/ without 
perturbation  and  diffraction  limit 


Table  1  Energy  of  image  spot  with  £»2.44 

a 


perturbation 

frequency 

without  correction 

with  correction 

meMoxed  rain# 

measured  Talus/ 

diffraction  limit 

measured  Tala* 

measured  rain*/ 
diffraction  limit 

BOH* 

80% 

96% 

100  H* 

86% 

81% 

78% 

93.6% 

WO  Ha 

60% 

71% 

From  this  it  can  be  seen  that,  after  correction  by  the  adapting  optical 
system,  the  degree  of  energy  concentration  shows  a  very  great  increase, 
approaching  the  ideal  diffraction  limit. 


In  addition,  we  used  the  frequency  response  analyzer  to  measure,  for  an 
analog  signals  with  an  amplitude  of  one  wave  length  and  a  frequency  of  1  Hz, 
10  Hz,  100  Hz  and  300  Hz,  the  wavefront  error  correction  capability;  the 
results  were  respectively  -35,  -33,  -17,  -10,  and  -6  dB. 


4.  CONCLUSIONS 


After  constructing  a  21-element  adapting  optical  system  and  undertaking 
wavefront  error  correction  experiments,  we  have  shown  that  the  system  is  able 
to  perform  correction  for  dynamic  wave  front  errors  in  round  apertures  for  300 
Hz  and  less;  and  that  the  error  correction  results  are  immediately  apparent. 
The  principles  of  detection  of  surface  dynamic  wavefront  error  and  the 
wavefront  restoration  analog  computation  network  are  correct.  The  bandwidth 
of  the  control  system  is  sufficient,  and  the  working  of  the  21-element 
deformable  mirror  is  normal. 

Among  the  main  persons  involved  in  the  development  of  the  experimental 
apparatus  and  the  implementation  of  the  experiments  are  Li  Mingquan,  Wang 
Wenming,  Yan  Peiying,  Dai  Zichang,  and  Hao  Peiming.  Ling  Ning  and  Yu  Beiwen 
provided  the  deformable  mirror.  Rong  Zhijun,  Li  Mei,  and  Xiao  Shijiang,  among 
others,  undertook  the  work  of  computer  data  acquisition  and  processing.  In 
addition,  we  were  assisted  by  very  many  other  colleagues.  This  work  was 
funded  by  the  Chinese  Academy  of  Science.  At  this  time,  we  wish  to  thank  them 
all. 
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